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Seasonal variations in nitrogen (N2) fixation and denitrification rates were estimated in the sediment of Sundarban 
mangrove ecosystem, India. The mean rate of microbial N2 fixation (16.53 ηmol N fixed/ hr/ g dry wt of sediment) was 
relatively higher than the mean rate of denitrification (14.72 ηmol N2O-N /hr/dry wt of sediment) in the mangrove sediment 
throughout the study, suggesting satisfactory fertility of this ecoregion in terms of sediment nitrogen. Sediment from the deeper 
parts of this ecosystem showed higher N2 fixation rate (18.23 ηmol N fixed/ hr/ g dry wt of sediment) than the surface sediment 
(10.17 ηmol N fixed/ hr/ g dry wt of sediment). Similar trend was observed for the denitrification rate in all the seasons. The 
ratio of N2 fixation to denitrification rate showed an increasing trend with depth. The results depicted that under higher anoxic 
condition bacteria would prefer N2 fixation over denitrification and would ultimately enhance the nitrogen storage capacity of 
this mangrove ecosystem. Although population of free living N2 fixing bacteria decreased with increase in depth, the rate of N2 
fixation showed a reverse trend, during the study period. These results suggested that anoxic condition and low level of nitrate-
nitrogen content could stimulate the enzyme activity responsible for N2 fixation in this particular ecosystem. 
[Keywords: Denitrification, Denitrifying bacteria, N2 fixation, N2 fixing bacteria, Sundarban mangrove ecosystem] 
Introduction 
Major plant nutrients like nitrogen and phosphorus 
have been tagged as ‗growth limiting-nutrients‘ for 
mangroves worldwide
1-3
. Nitrogen depletion in 
mangroves is generally attributed to hydrological 
activities, denitrification, and physiography of the 
sediment itself
3,4
. High organic matter content 
enrichment due to the decomposition of vegetative 
materials in conjunction with the almost persistent 
water logging near the coastline, during high tides 
render or the presence of copious pore water 
contribute to render the environment amiable to 
anaerobic microbes which is evidenced by higher rate 
of denitrification in mangrove sediments
5,6
; such 
conditions eventuate rapid exhaustion of nitrates and 
nitrites from the nitrogen nutrient pool of the 
environment, leaving only ammonium which 
ultimately becomes the most dominant form of 
nitrogenous nutrient in mangroves
5-8
. Furthermore, 
due to high concentration of cations, supplied from 
the tidal waters, that compete for binding sites, 
mangrove sediments absorb ammonium at a lower 
rate than that in terrestrial environments. This 
property of mangrove sediment makes ammonia more 
available for plant uptake. Rapid ammonification
 
and 
N2 fixation could further enhance the production of 
ammonium ions in the sediment
9,10
. Nitrogen cycle of 
sediment is a complex microbial interaction which is 
also correlated with physico-chemical parameters of 
the ambient environment
11
. Previous studies have also 
reported that fluctuating redox conditions would 
impact on the microbial activity relating to sediment 
N2 cycling
12,13
. Globally, mangrove ecosystems are 
considered highly productive and the sediments are 
found to be rich in organic carbon but poor in bio-
available nutrients.  
Another school of thought, propounded by 
Sengupta and Chaudhuri
14
, Woitchik et al.
15
 and Reef 
et al.
3
, has emphasized on the role of diazotrophs in 
replenishing nitrogen pool in the ecosystem through 





, Uchino et al.
18





 and Pelegrí et al.
21
, ―Sediments, 
rhizosphere, decomposing leaves, tree bark, 
pneumatophores, and roots of mangrove ecosystem 
can fix atmospheric nitrogen‖. There are several 
evidences of direct supply of inorganic nitrogen to the 
mangroves through faster microbial nitrogen fixation 








Sundarban mangrove Eco-region, being the 
consortium of a kaleidoscope of flora and fauna, is 
highlighted by the subtlety and complexity of the 
ensuing biogeochemical processes. These processes 
ensure adequate re-mineralization of available inorganic 
compounds through the activities of a plethora of 
microorganisms, each playing their respective roles to 
maintain and sustain the ecosystem. The sediment of 
Sundarban mangrove ecosystem is predominantly 
anoxic in nature due to diurnal inundation in 
combination with low porosity where both N2 fixation 
and denitrification generally occurs. An investigation on 
the intricate biogeochemical pertinence of diazotrophs in 
the sediments of Sundarban mangroves, the largest 
mangrove eco-region of the world, in terms of N2 
fixation and denitrification is essential to ascertain the 
more dominant process. Denitrifiers trigger loss of 
nitrogen from the sediment and nitrogen fixers do the 
reverse, for which they interact competitively, in terms 
of population density and resources. The net rate of 
nitrogen fixed by diazotrophs and released through 
denitrification depicts the sediment health in terms of 
nitrogen surplus. The present manuscript investigates the 
rate of N2 fixation and denitrification in the mangrove 
rhizospheric sediments, collected from the northeastern 
part of Indian Sundarbans, in order to understand the 
biogeochemical exchange of gaseous nitrogen.  
 
Materials and Methods 
 
Study site 
Mangrove forest of Indian Sundarbans is located 
along the North East coast of Bay of Bengal, with 
geographical extent between latitude 21˚31' N and 
22˚30' N and longitude 88˚10' E and 89˚51' E. This 
unique ecosystem covers an area of 9630 Km
2 
and is 
formed at the lower stretches of the Ganga-Brahmaputra 
deltaic complex (Fig. 1). The weather of the region 
primarily is influenced by the southwest monsoon, and 
is characterized with distinct seasonality. Pre-monsoon 
(February- May), monsoon (June-September) and post-
monsoon (October-January) are the three main seasons 
observed in a year. Significantly higher rainfall is 
recorded during the monsoonal months (~70 – 80 %) 
compared to the other seasons. This estuarine complex 
experiences a mesotidal range, with the mean spring 
neap tide ranging between 4.75 m and 1.83 m. Saline 
alluvial sediments of Sundarban mangroves, primarily 




Description of sampling stations 
Sediment core samples were collected up to 60 cm 
depth from the surface in triplicate from five 
randomly selected sites, on monthly basis during 
2013-15, from the deep mangrove forest [Lothian 
Island; Fig. 1]. These sampling locations were 
situated inside deep forest region and only get 
inundated by estuarine water during highest high tide 
condition. Each core sample of 60 cm length was 
divided aseptically into six sections with 10 cm 
interval. The results represented in the manuscript 
highlight the average values at each depth. 
 
Incubator setup  
Redox potential of each sediment sub-sample was 
determined under in situ condition. Immediately after 
the collection the sediment cores were sectioned at 
every 10 cm (maintaining the consistency with the 
depth profile) intervals, using a sterilized slicer knife to 
obtain representative samples followed by their 
preservation at 4 ºC till laboratory incubation. Two sets 
of sediment sub-samples were incubated separately at 
room temperature under oxic (oxygenated atmosphere) 
and anoxic condition (atmosphere of Argon gas). 
Quantification of denitrifying bacteria and free living 
N2 fixing bacteria along with the measurements of 
denitrification and N2 fixation rates were performed 
separately for both the sediment core incubated under 
oxic and anoxic environments. Detail methods for the 
above measurements along with the associated 
biogeochemical parameters [e.g. total inorganic 
nitrogen – TIN (nitrate-nitrogen, nitrite-nitrogen and 
ammonia)] are discussed in the following sections.  
 
 
Fig. 1 — Map showing the study area 




Quantification/Enumeration of denitrifying bacteria  
In order to quantify the population of denitrifying 
bacteria ‗N2O-most probable number (MPN) 
technique‘ was adopted and their population was 
expressed as MPNg
-1
 of dry sediment. Wet sediment 
sub-sample (approximately 10 g) from each depth was 
homogenized with 100 ml sterilized isotonic NaCl 
solution. Inoculation was done following serial 
dilution in the recommended selective culture 
medium, taken in sterilized air tight serum vial 
following the method by Michotey et al.
26
. For each 
section of the core incubated separately in oxic and 
anoxic conditions, triplicate serial dilution was 
prepared. All the diluted extracts were sonicated at 40 
MHz for 15 seconds followed by the addition of 20 µl 
of Tween 80 solution. The respective vials were then 
supplemented with acetylene at 20 kPa
27
. Incubation 
of these vials was maintained at 37 °C in the dark for 
a period of 2 days. The positive tubes were scored 
based on the accumulation of produced gas (N2O) 
during the incubation.  
 
Measurement of denitrification rate  
Known mass of (approximately 1 g) sediment 
samples were sliced from the cores following the steps 
mentioned in the previous section. Three milliliters of 





 (substrate), were added to each vial. To avoid 
any degradation of the sample due to synthesis of 
unwanted enzymes during incubation period 




. The vials were 
plugged tightly with butyl stoppers followed by sealing 
with Aluminium crimps and vortexed to form slurry. 
―Acetylene inhibition technique‖ was followed for 
the determination of denitrification activity (DNT)
29
 in 
the mangrove sediments. Vials containing sediment 
slurry were flushed with pure nitrogen for 20 minutes 
during measurement of denitrification activity. At 20 
kPa of pressure C2H2 was introduced in the headspace 
of those vials containing sediment slurry. Each vial was 
thoroughly vortexed for 20 minutes to homogenize the 
slurry
28
. For the determination of N2O production rate 
by denitrifiers, the headspace of the selected vials were 
maintained under oxic conditions and nitrification 
process was inhibited by adjusting the concentration of 
C2H2 at 10 Pa
30,31
. To estimate the rate of N2O 
production by denitrifiers in anoxic condition, the 
headspace of the respective vials were filled with 
argon. All the vials representing the six depth intervals 
(both oxic and anoxic) were incubated in the dark for 3 
hours.  
After stipulated incubation period respective 
microbial reaction in each of the vial was terminated by 
treating with 0.1 ml of 1 M HgCl2 solution followed by 
vigorous shaking for 5 minutes. Concentration of N2O 
trapped within the headspace of the vial was analyzed 
using gas chromatograph (Varian CP3800 GC). The 
oven and detector temperatures were maintained at 40 
ºC and 300 ºC, respectively. N2 of high purity was used 
as carrier gas with a flow rate of 35 ml min
-1
. A 
secondary standard of 50 ± 0.25 ηmol N2O in N2 was 
used to calibrate the gas chromatograph. Determination 
of the N2O production rates were depended on the 
direct accumulation of N2O in the vial over a fixed 
duration. Sediment temperature, salinity and Bunsen 
solubility coefficient were used to calculate the 
production rate of N2O following standard protocol
32,33
. 
Denitrification activity was expressed in ηmol of N2O-
N /h /g of dry sediment.  
 
Quantification of free-living N2 fixers 
After incubation, free living N2 fixers, present in 
the sediment at different depths, were quantified 
separately in oxic and anoxic environment. Sterilized 
isotonic phosphate buffer saline solution having pH of 
8.3 was used to homogenize 10 g of each sediment 
sample. Following serial dilution with sterilized isotonic 
NaCl solution, 10
-4
 gradient was prepared and 0.1 ml 





Measurement of sediment Eh value, nitrate-nitrogen, nitrite-
nitrogen and ammonia  
Brightened platinum electrode was used to determine 
redox potential of each sediment sample collected from 
the different depth. The electrode was allowed to 
equilibrate in situ for 1 hour prior to respective 
measurement. Quin-hydrone dissolved in the buffer 
solutions of pH 4 and 7 (mV reading for quin-hydrone 
was 218 and 40.8, respectively, at 25 °C) was used to 
calibrate the electrode before starting the measurement 
process
35
. Sediment nitrate-nitrogen, nitrite-nitrogen and 
ammonia content were measured for calculation of total 











Measurement of N2 fixation rate (Acetylene Reduction Assay)  
Acetylene reduction assay technique was used with 
separate incubation of sediments under oxic and 
anoxic condition to estimate nitrogen fixation rates in 
the cores samples. One gram of sediment subsample 
from each depth was taken in air tight vial with rubber 
stopper. At the beginning of the incubation air in 
headspace of the vials (10 %) replaced with 1 ml of 




acetylene (10 ppmv) using a sterilized gas syringe. 
Each vial was then incubated for 12 hours in dark 
condition at 28 ± 0.5 ºC. Gas chromatograph equipped 
with flame ionization detector and capillary column 
was used to measure the concentration of ethylene 




Statistical analyses  
The statistical analyses were performed using the 
MS EXCEL and XLSTAT software packages. For 
correlation analyses, a MINITAB (version 13.0) 
statistical package was employed. 
 
Results  
Microbial activities related to N2 fixation and 
denitrification rates were studied against sediment 
reduction potential at different depths, to understand 
it‘s influence on both nitrogen fixation and 
denitrification processes. Seasonal and vertical 
profiles for rate of N2 fixation and denitrification 
along with population of nitrogen fixers and 
denitrifiers exhibited explanatory trends in terms of 
nitrogen retention capacity of the sediment in the 
Sundarban mangrove forest. Population density of 
free living N2 fixing bacteria was found to be more in 
the sediment incubated at anoxic condition than one at 
oxic condition during three different seasons viz. pre-
monsoon, monsoon and post-monsoon.  
The average population density of free living N2 
fixing bacteria was 1.13, 1.03 and 1.05 times more in 
the sediment incubated under anoxic condition than in 
oxic condition during pre-monsoon, monsoon and 
post-monsoon seasons, correspondingly. Similarly, 
the average N2 fixation rate was 1.11, 1.03 and 1.06 
times higher in cases of the sediments incubated in 
anoxic condition than their oxic counterparts during 
the three seasons, respectively (Figs. 2a and 2b). 
During monsoon, the difference in variation of N2 
fixation rates with depth between oxic and anoxic 
conditions was statistically insignificant (p > 0.05). 
Similar pattern was observed for the average rate of 
denitrification from the sediment of this particular 
ecosystem. Average denitrification rate was 1.03, 1.04 
and 1.06 times higher in the sediment incubated under 
anoxic condition than in oxic condition during pre-
monsoon, monsoon and post-monsoon seasons, 
separately. Population density of free living N2 fixer 
depicted a decreasing pattern with increase in depth 
for both the sediment samples incubated under oxic 
and anoxic condition during pre-monsoon, monsoon 
and post-monsoon, conversely a reverse profile was 
found for N2 fixation rate.  
The surface sediment collected during pre-monsoon 
and incubations under oxic condition harbored 0.628 X 
10
6 
free living N2 fixing bacterial cfu g
-1
 dry wt of 
sediment that was 1.12 times lower than the sediment 
kept in anoxic condition. Sediment samples collected 
from the 60 cm of depth showed a lower population 





wt of sediment during incubation under oxic condition 




 dry wt of sediment during 
incubation at anoxic condition. Surface sediment 
collected during monsoon season was found to retain 




 dry wt of 




 dry wt of sediment 
under oxic and anoxic conditions, respectively, 










 dry wt of sediment. The average content of 
 
 
Fig. 2 — Vertical profile of: a) population of free living N2 fixing bacteria, b) N2 fixation rate from the sediment, c) total bio-available 
inorganic nitrogen (TIN) in sediment, d) denitrification rate from the sediments, and e) denitrifying bacteria in sediment; in pre-monsoon, 
monsoon and post-monsoon season 




total bioavailable inorganic nitrogen (TIN) [sum of 
nitrate-nitrogen, nitrite-nitrogen and ammonia] in 
sediment revealed a decreasing pattern with increase 
in depth for both the sediments incubated in oxic and 
anoxic condition during three seasons (Fig. 2c). 
Conversely the N2 fixation rate increased with 
increase in depth for both the sediment incubated 
under oxic and anoxic conditions. During pre-
monsoon, rate of N2 fixation at the surface sediment 
was 11.45 ηmol N fixed/ hr/ g dry wt of sediment 
incubated in oxic condition that was 1.18 times lower 
for the same sediment sample incubated under anoxic 
condition. However, sediment collected from 60 cm 
of depth revealed N2 fixation rate as 16.78 and 18.45 
ηmol N fixed/ hr/ g dry wt of sediment incubated 
under oxic and anoxic conditions, separately. Similar 
trend was found during monsoon and post-monsoon 
in terms of N2 fixation rate. Rate of N2 fixation was 
10.23 and 10.67 ηmol N fixed/ hr/ g dry wt of 
sediment, respectively from the surface sediment 
incubated at oxic and anoxic conditions. Sediment 
collected from 60 cm of depth showed N2 fixation rate 
of 15.21 N fixed/ hr/g dry wt of sediment incubated at 
oxic condition, and the same sediment sample showed 
1.03 times more N2 fixation rate during incubation at 
anoxic condition. During post-monsoon rate of N2 
fixation from surface sediment was 10.68 and 11.12 
ηmol N fixed/ hr/g dry wt of sediment incubated 
distinctly at oxic and anoxic condition. Deeper 
sediment collected from 60 cm of depth showed 
comparatively higher rates of N2 fixation during 
anoxic incubation (14.96 ηmol N fixed/hr/g dry wt of 
sediment) than incubation at oxic environment (14.22 
ηmol N fixed/ hr/g dry wt of sediment). Rate of 
denitrification showed a decreasing pattern with 
increase in depth for both the sediment incubated at 
oxic and anoxic condition. During pre-monsoon rate 
of denitrification from the surface sediment was found 




 of dry 
sediment incubated at oxic and anoxic conditions, 
respectively. However, sediment from 60 cm of depth 
showed denitrification rate as 13.76 ηmol N2O-N/hr/g 
of dry sediment incubated at oxic condition and 14.11 
ηmol N2O-N/hr/g of dry sediment incubated at anoxic 
condition. During monsoon season surface sediment, 
incubated at oxic condition showed denitrification 
rates of 8.21 ηmol N2O-N/hr/g of dry sediment, that 
was 1.06 times lower for the same sample incubated 
under anoxic atmosphere. Higher denitrification rates 




were observed in the sediment collected from 60 cm 
depth at oxic and anoxic conditions, separately. 
Surface sediment showed comparatively lower 
denitrification rate (8.76 ηmol N2O-N/hr/g dry 
sediment) for incubation at oxic condition than that of 
anoxic incubation (9.23 ηmol N2O-N/hr/g dry 
sediment) during post-monsoon. Sediment collected 
from 60 cm of depth showed the rate of denitrification 
as 11.21 and 11.45 ηmol N2O-N/hr/g dry sediment; 
incubated at oxic and anoxic condition, respectively 
(Fig. 2d). On the contrary, an opposite trend was 
found for the population of denitrifying bacteria for 
both oxic and anoxic incubation in three distinct 
seasons. During pre-monsoon population of 
denitrifying bacteria from surface sediment was found 
to be 0.539 X 10
6
 MPN /g dry wt of sediment for 
incubation at oxic condition and 0.544 X 10
6
 MPN/g 
dry wt of sediment for anoxic incubation. Sediment 
from 60 cm of depth depicted 1.02 times more 
population of denitrifying bacteria during anoxic 
incubation (0.486 X 10
6
 MPN/g dry wt of sediment) 
than incubation at oxic environment. During monsoon 
sediment from surface showed 1.14 times more 
population of denitrifying bacteria than the sediment 
from 60 cm of depth for incubation at oxic condition. 
However, for incubation under anoxic condition the 
population in surface sediment was 1.23 times higher. 
During post-monsoon in oxic condition population of 





 dry wt of sediment which was 1.27 times 
more than that of sediment from 60 cm of depth. For 
anoxic condition surface sediment showed 1.15 times 
more population of denitrifying bacteria than the 
sediment collected from 60 cm of depth (Fig. 2e).  
 
Discussion  
The decrease in population of both free living N2 
fixing bacteria and denitrifying bacteria might be due 
to the reduction in organic carbon content in the 
sediment
38
. In spite of this declining trend the rate of 
N2 fixation and denitrification increased respectively. 
Redox potential of sediment was found to be 
negatively correlated with both the rate of N2 fixation 
(R
2 
= 0.57, p < 0.005) and denitrification (R
2 
= 0.52, p 
< 0.005). Sediment incubated under anoxic condition 
showed higher rates of N2 fixation than that of oxic 
condition (Figs. 3a and 3b). Previous study reported 
that higher anoxic condition in mangrove sediment 





 observed that denitrification rate was 




maximized in anoxic condition. The decreasing content 
of bioavailable total inorganic carbon in sediment 
would initiate the process of N2 fixation in the deeper 
sediments. The rate of N2 fixation was negatively 
correlated with the total bioavailable inorganic nitrogen 
(TIN) content (R
2 
= 0.68, p < 0.005) of the sediment 
(Fig. 3c). More TIN in sediment samples incubated in 
anoxic environment than their oxic counterparts can be 
explained by more aerobic microbial decomposition 
rate than anaerobic microbial decomposition rate
41
. 
Present result could be corroborated in the light of 
previous reports that N2 fixation was promoted in 
nitrogen limiting condition
42
. The results showed that 
the ratio of N2 fixation to denitrification process 
increased with increase in depth and decrease in redox 
potential. In general, low oxygen conditions are 
represented by reduced Eh values and Eh around −300 






. Our results imply that anoxic 
condition favored more N2 fixation than denitrification. 
Further, the average N2 fixation rate expressed its 
dominance over denitrification throughout the year in 
this particular ecosystem and in terms of nitrogen in the 
sediment of the Sundarban mangrove forest, indicating 
its fertile nature. The N2-fixation rates estimated in the 
present study was significantly higher than those (0.37 
to 7.91 ηmol N/hr/g) reported from the intertidal 
Sediments of the Yangtze Estuary
44
. Similarly, the 
denitrification rates recorded in the present study was 
well comparable with those reported from Nitrogen-






It is estimated that nitrogen fixation predominates 
over denitrification in the sediments of the Sundarban 
mangrove forest. Increasing ratio between N2 fixation 
and denitrification with increasing depth depicted the 
dominance of N fixing bacteria over the denitrifying 
bacteria under enhanced oxygen limitation. This result 
indicated that nitrogen loss via denitrification in this 
mangrove ecosystem was well balanced by high rates 
of nitrogen fixation and poses limited threat of 
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